We investigated whether the additional determination of ceruloplasmin (Cp) levels could improve the prognostic value of N-terminal pro-B-type natriuretic peptide (NT-proBNP) in heart failure (HF) patients in a 1-year follow-up. Cp and NT-proBNP levels and clinical and laboratory parameters were assessed simultaneously at baseline in 741 HF patients considered as possible heart transplant recipients. The primary endpoint (EP) was a composite of all-cause death (non-transplant patients) or heart transplantation during one year of follow-up. Using a cut-off value of 35.9 mg/dL for Cp and 3155 pg/mL for NT-proBNP (top interquartile range), a univariate Cox regression analysis showed that Cp (hazard ratio (HR) = 2.086; 95% confidence interval (95% CI, 1.462-2.975)), NT-proBNP (HR = 3.221; 95% CI (2.277-4.556)), and the top quartile of both Cp and NT-proBNP (HR = 4.253; 95% CI (2.795-6.471)) were all risk factors of the primary EP. The prognostic value of these biomarkers was demonstrated in a multivariate Cox regression model using the top Cp and NT-proBNP concentration quartiles combined (HR = 2.120; 95% CI (1.233-3.646)). Lower left ventricular ejection fraction, VO 2 max, lack of angiotensin-converting enzyme inhibitor or angiotensin receptor blocker therapy, and nonimplantation of an implantable cardioverter-defibrillator were also independent risk factors of a poor outcome. The combined evaluation of Cp and NT-proBNP had advantages over separate NT-proBNP and Cp assessment in selecting a group with a high 1-year risk. Thus multi-biomarker assessment can improve risk stratification in HF patients.
Introduction
Systolic heart failure (HF) is a complex disease caused by reduced ejection fraction of the left ventricle, often leading to the worsening of symptoms and poor quality of life, despite proper diagnosis and treatment according to current guidelines. All-cause mortality in these patients remains high and heart transplantation is a therapeutic option in end-stage HF. Adverse outcomes for HF patients are associated with many contributing factors. Stratification of risk factors is a great challenge in out-patient clinic cohorts, in which patients still undergo significant mortality and morbidity, despite stable HF. Different clinical and laboratory parameters can be helpful to identify patients at higher risk of adverse outcomes. Biological markers reflecting several pathophysiological abnormalities of HF have become powerful and convenient noninvasive tools for the stratification of HF patients [1] [2] [3] . Brain natriuretic peptide (BNP) and N-terminal pro-BNP (NT-proBNP) are secreted by cardiomyocytes in response to hemodynamic overload or neurohormonal disturbances. In clinical practice, NT-proBNP is recommended as a marker over BNP, because of its longer plasma half-life and lower levels of biological variation. NT-proBNP is the best-known diagnostic biomarker [4] . The usefulness of NT-proBNP for risk stratification varies depending on the stage of HF, time of assessment (onset of hospitalization, pre-discharge, or out-patient clinic evaluation), and duration of follow-up. However, there is no conclusive evidence that plasma NT-proBNP concentration is a guide for more effective therapy [5] [6] [7] [8] . Ceruloplasmin (Cp) is an acute-phase reactant that is synthesized and secreted by the liver and monocyte/macrophages. It is elevated in conditions of acute inflammation. Cp contains seven copper atoms per molecule, participates in copper transport and metabolism, and has ferroxidase activity [9, 10] . Furthermore, Cp is involved in the modulation of coagulation and angiogenesis and the inactivation of biogenic amines [11, 12] . It is possible that increased levels of Cp may decrease available plasma NO, thus increasing reactive oxygen species formation and oxidative cell injury [13] . Several recent reports have indicated that Cp levels are elevated in patients with heart failure, regardless of its etiology [14] [15] [16] .
Different pathobiological processes are involved in heart failure; thus, it is not surprising that single biomarkers, even natriuretic peptides, fail to predict all risks associated with HF.
The aim of this study was to examine the prognostic value of clinical factors, with special consideration of Cp, in a large cohort of HF patients and to investigate whether the combination of Cp and NT-proBNP could provide additional prognostic information in HF patients in a 1-year follow-up.
Materials and Methods

Clinical Assessment
We analyzed data in a subgroup of patients included in the Prospective Registry of Heart Failure (PR-HF) and Studies Investigating Co-morbidities Aggravating Heart Failure (SICA-HF) studies described elsewhere [17] . A cohort of patients with chronic systolic HF were prospectively recruited from patients referred to our inpatients clinic as potential candidates for heart transplantation. The main inclusion criteria were reduced left ventricular ejection fraction (LVEF ≤ 40%) and symptomatic HF, despite pharmacological treatment according to the current published ESC guidelines, at least 3 months before inclusion. The exclusion criteria included acute myocardial infarction; pulmonary thromboembolism; constrictive pericarditis; infectious pericarditis; prior heart transplantation; noncardiac conditions resulting in an expected mortality of less than 12 months, as judged by the treating physician; and a history of alcohol abuse or known antioxidant supplementation. These criteria were fulfilled in the 1216 PR-HF and SICA-HF studies. We analyzed data from 741 participants (aged 48-59 years) who had completed clinical and laboratory assessments.
A detailed description of the clinical echocardiographic evaluation of patients included in the study has been presented elsewhere [18] .
The primary outcome was a composite of death from all causes (nontransplant patients) or heart transplantation. In the case of heart transplantation, the endpoint was reached and the patient was not followed up further. Patients were followed for a year via direct or phone contact. In some cases, the exact data regarding patient death were obtained from family members or the national identification number database by dedicated research personnel. Prior to enrolment in the study, all participants provided written informed consent. The local ethics committee of Silesian Medical University approved the study protocol (NN-6501-12/I/04). All procedures were performed in accordance with the 1975 Declaration of Helsinki and its revision in 2008.
Biochemical Methods
Venous blood samples obtained at enrollment were processed, separated by centrifugation at 1500× g for 10 min, frozen at −70 • C, and partially stored at −70 • C until assayed. Serum protein, albumin, fibrinogen, CRP, alanine aminotransferase, aspartate aminotransferase, gamma-glutamyl-transferase (GGTP), alkaline phosphatase, bilirubin, and lipid parameters and serum iron, sodium, creatinine, glucose, and uric acid concentrations were measured by colorimetric methods (Cobas 6000 e501; Roche, Basel, Switzerland). Hemoglobin, leukocytes, and platelets were measured using a MEDONIC M32C analyzer (Alpha Diagnostics, Warsaw, Poland). NT-proBNP was measured using a chemiluminescence method (Cobas 6000 e501).
Serum Cp concentration was determined spectrophotometrically, according to the Richterich reaction with p-phenyl-diamine [19] . Cp catalyzes the oxidation of colorless p-phenylenediamine, resulting in a blue-violet dye. Twenty microliters of serum was added to the test sample, while 20 µL of serum and 200 µL of sodium azide solution were added to the control sample to stop the reaction. Then, 1 mL of p-phenylenediamine dihydrochloride in acetate buffer was added to both test and control samples. After a 15-min incubation, 200 µL of sodium azide was added to the test sample. Finally, after a 15-min incubation, the absorbance of test and control samples was measured at 560 nm using a PerkinElmer VICTOR-X3 plate reader. The samples were not previously thawed before Cp assays. The intra-assay coefficient of variation was 3.7% and the intra-assay precision was 4%.
Statistical Analysis
Study participants were divided into subgroups based on Cp concentration quartiles (Table 1) . Moreover, two subgroups, firstly, both Cp and NT-proBNP in the top quartile and, secondly, remaining patients (Cp or NT-proBNP in I-III quartiles including patients with Cp in I-III quartiles and NT-proBNP in I-IV quartiles or NT-proBNP in I-III quartiles and Cp in I-IV quartiles), were also compared ( Table 2 ). The Shapiro-Wilk test was used to evaluate the distribution of all continuous variables. Continuous data are presented as the median, with the first and fourth quartiles (because of non-normal distribution of the data). Categorical data are presented as absolute numbers and percentages. The Kruskal-Wallis ANOVA test was used to compare both continuous and categorical data.
Estimations of risk were performed using a Cox proportional hazards model. Only complete data were analyzed. All demographic; clinical; echocardiography; laboratory; medication; and Cp and NT-proBNP data, expressed as the top quartiles individually or as the combined top quartiles of Cp and NT-proBNP concentration, were included in a univariate Cox analysis. Variables with a value of p ≤ 0.05 in the univariate analysis were included in the multivariate analysis. Two multivariate analysis models were built. The first model was based on the top Cp and NT-proBNP concentration quartiles separately and the second model was based on the combined top quartiles of Cp and NT-proBNP concentrations.
The results of the Cox analysis are presented as relative risks, with 95% confidence intervals (CIs). Cumulative survival curves for all-cause death or heart transplantation were constructed as the time to endpoint occurrence, using the Kaplan-Meier method. Survival curves were compared among groups according to quartiles of Cp, quartiles of NT-proBNP and between groups presented in Table 2 , using the log-rank test, as appropriate.
The odds ratio (OR) of achieving the endpoint for the top quartiles of Cp and NT-proBNP concentrations were calculated. The same calculations were performed for the combined top quartiles of Cp and NT-proBNP concentrations. The predictive value of these parameters was then compared.
Statistical significance was set at p < 0.05. Statistical analyses were performed using STATISTICA 13.1 PL software (StatSoft, Cracow, Poland).
Results
Baseline Characteristics of the Entire Study Population and Subgroups in Relation to Ceruloplasmin Concentration
The study group included 741 systolic HF patients, with a median Cp concentration of 28.7 mg% (range, 23.7-35.8). The cohort was divided into quartiles of serum Cp concentration as follows: group I, 184 (24.8%) patients with a Cp concentration range of 8.0-23.6 mg/dL; group II, 184 (24.8%) patients with 23.7-28.6 mg/dL Cp; group III, 187 (25.2%) patients with 28.7-35.8 mg/dL Cp; and group IV, 186 (25.1%) patients with the highest Cp concentration quartile of 35.9-81.0 mg/dL. One hundred and twenty-eight (17.42%) patients reached the combined endpoint (101 deaths, 27 heart transplantations). The overall mortality rate during the 1-year follow-up period was 13.76% and the heart transplantation rate was 3.64%. The demographic, clinical, and laboratory parameters of all patient groups and subgroups, divided according to quartiles of serum Cp concentration, are presented in Table 1 . Neither age, sex, BMI, nor duration of symptoms before enrollment differed between groups. LVEF was reduced to a greater extent in group IV. The percentage of patients with atrial fibrillation was higher in group IV, but the frequencies of coronary artery disease, hypertension, diabetes mellitus, and implantable cardioverter-defibrillators (ICDs) were similar between groups. Pharmacological treatments were comparable between groups in terms of the use of angiotensin-converting enzyme inhibitors (ACE-Is), angiotensin receptor blockers (ARBs), beta-blockers, mineralocorticoid receptor antagonists (MRAs), and statins, but loop and thiazide diuretics and digitalis were more frequently used by group III patients. If ACE-I or ARB treatment was analyzed, their use was the lowest in patients in the 4th Cp quartile.
The following laboratory parameters, assessed in serum samples, were different among groups: NT-proBNP, Cp, sodium, creatinine clearance, protein, fasting glucose, lipid parameters, uric acid, bilirubin, aspartate transaminase, alanine transaminase, alkaline phosphatase, and GGTP ( Table 1) . Characteristic of examined group with division according to ceruloplasmin and NT-proBNP concentration quartiles are presented in Table 2   Table 2 . Characteristic of examined group with division according to ceruloplasmin and N-terminal pro-B-type natriuretic peptide (NT-proBNP) concentration quartiles. 
Ceruloplasmin/NT-pro-BNP Quartiles (mg/dL) I-III Quartile IV-IV Quartiles
Ceruloplasmin, NT-proBNP and Prognosis
Univariate Cox Regression Analysis
All demographic, clinical, exercise capacity, echocardiography, laboratory parameter, comorbidity, and pharmacotherapy data presented in Table 1 were assessed as risk factors for all-cause death or heart transplantation in a 1-year follow-up.
In univariate Cox regression analyses, among others, the top quartiles of NT-proBNP concentration (hazard ratio (HR) = 3.221, 95% CI (2.277-4.556)), Cp concentration (HR = 2.086, 95% CI (1.462-2.975)), and combined Cp and NT-proBNP concentration (HR = 4.253, 95% CI (2.795-6.471) were associated with a higher risk of death or heart transplantation.
All variables that reached p < 0.05 in a univariate Cox regression analysis are presented in Table 3 .
Multivariate Cox Regression Analysis
In the first multivariate Cox regression model, after adjusting for other clinical and pharmacotherapeutic predictors, neither the top Cp concentration quartile nor the top NT-proBNP concentration quartile were significant predictors of unfavorable outcomes (Cp, HR = 1.511, 95% CI (0.980-2.330); NT-proBNP, HR = 1.287, 95% CI (0.815-2.033))
The results of the second multivariate Cox regression model, in which the top individual Cp and NT-proBNP concentration quartiles were replaced with the combined top quartiles of Cp and NT-proBNP concentrations, are presented in Table 3 . In this model, an LVEF lower by 1 % (HR = 1.069, 95% CI (1.032-1.106)), a maximum measured VO 2 lower by 1 mL/min/kg b.m. (HR = 1.113, 95% CI (1.048-1.181)), absence of an ICD (HR = 7.575, 95% CI (3.278-17.502)), and lack of ACE-I and/or ARB therapy (HR = 2.195, 95% CI (1.234-3.906)) remained significant predictors of unfavorable outcomes. Among the laboratory parameters measured, only the combined top quartiles of Cp and NT-proBNP concentrations was associated with a higher risk of all-cause death and HT in a 1-year follow-up (HR = 2.120, 95% CI (1.233-3.646)). 
Kaplan-Meier Survival Analysis and Endpoint Odds Ratios
There were 128 endpoints in groups I (20, 10.9%), II (29, 15.8%), III (29, 15.5%), and IV (50, 26.9%). Kaplan-Meier survival curves for the four groups according to Cp and NT-proBNP quartiles are presented in Figures 1 and 2 . Patients with both Cp and NT-proBNP concentrations in the top quartile were compared with the remaining patients (quartile I-III of Cp or NT-proBNP concentration), as shown in Figure 3 . (Table 4 ). Detailed results for the top quartiles of Cp and NT-proBNP concentration, as well as the combination of the top quartiles of Cp and NT-proBNP concentrations, with the sensitivity and specificity of their predictive values, are presented in Table 4 . For patients with a Cp concentration in the top quartile, the risk of death or heart transplantation was two-fold higher than in patients with Cp concentrations in quartiles I-III. Similarly, NT-proBNP concentration in the top quartile indicated approximately a 4-fold increase in the probability of an endpoint occurrence. The predictive values of Cp and NT-proBNP concentrations did not differ significantly (NT-proBNP vs. Cp, OR = 1.371, 95% CI (0.878-2.140)). The greatest prognostic value was seen for the combination of Cp and NT-proBNP concentrations in the top quartile, which was associated with more than a five-fold increased risk. Cp and NT-proBNP concentrations (both in the top quartile) showed a significantly higher predictive value than the top quartile of Cp (OR = 2.539; 95% CI (1.381-4.666)) or NT-proBNP (OR = 1.852; 95% CI (1.018-3.370)) concentrations individually (Table 4 ).
Discussion
There are many papers documenting the association between Cp and cardiovascular disease in clinical and experimental studies [20] [21] [22] . However, data confirming the effect of Cp concentration on prognosis in patients with HF are limited. This study intended to determine the clinical utility of a single baseline Cp measurement and other common risk factors as prognostic markers of all-cause mortality or heart transplantation in HF patients. We showed a significantly higher risk of all-cause death or heart transplantation in a 1-year follow-up of patients with Cp concentration in the top quartile. Similarly, patients with NT-proBNP concentration in the top quartile had a higher risk of endpoint occurrence. However, after adjustment for known clinical and laboratory parameters and treatments, neither NT-proBNP nor Cp remained significant predictors. Interestingly, the combination of elevated Cp and NT-proBNP concentrations (both in the top quartile) had greater specificity and sensitivity for endpoint prediction than CP or NT-proBNP concentrations alone. Other independent endpoint predictors were LVEF, peak VO 2 , ACE-I/ARB therapy, and prior ICD implantation. Although clinical assessment had a strong prognostic role, it is worth highlighting that peak oxygen consumption (peak VO 2 ) rather than New York Heart Association class, should be used to estimate functional capacity. The utility of peak VO 2 and other parameters of the Heart Failure Survival Score (ischemic heart disease, mean blood pressure, LVEF, heart rate, serum sodium, intraventricular conduction defect) for predicting prognosis and assessing candidacy for heart transplantation, have been documented across races and genders [23] .
Recently, Paolillo et al. showed that the cut-off values of peak VO 2 able to identify a 10% or 20% risk (in 10 years of follow-up) of unfavorable outcomes decreased over 20 years up to 2010, with similar cut-off values observed over this time period [24] . As a possible explanation, they suggested that the most effective treatment options were introduced to the guidelines by 2010, such that a similar risk level was observed in patients enrolled after 2010. In our study, patients were enrolled before 2010 and a decrease in peak VO 2 by 1 mL/min/kg was associated with an 11% increase in the risk of endpoints in a 1-year follow-up. Lower values of the main echocardiographic parameter, LVEF, were associated with increased mortality or heart transplantation rate.
On the contrary, Lai et al. showed that, at initial presentation, LVEF did not have outcome-predictive power Additionally, they showed that the 12-month mortality risk in patients with LVEF ≥ 50% was similar to those with LVEF < 40% [7] . However, in this study, patients were hospitalized with acute HF, and therefore, LVEF data may reflect exacerbated heart function, rather than a chronic stable status.
Referring to guideline-based therapy, patient treatment in our study was considered to be optimized by the physicians [25] . Although we did not analyze the reasons for not using this treatment, in most cases there were contraindications to the use of this therapy. Moreover, we did not analyze the ACE-I/ARB dose, since even low-dose ACE-I/ARB therapy is superior to no one treatment as it decreases 1-year mortality rates [26] . Patient treatment may be a limitation of the study (see study limitation section). Beta-blockers were used in the majority of patients (97%). Notably, the percentage of patients with ICDs in our study was rather low (approximately 27%). The lack of ICD implantation was an independent risk factor of all-cause mortality (not only sudden cardiac death) and heart transplantation. Improved survival of patients with implanted ICDs has previously been observed in clinical trials [27] . ICD implantation was different between groups according to Cp concentration quartiles. In the highest Cp quartile the percentage of patients who did not receive ACE-I and /or ARB was the lowest. In our study, many of the analyzed laboratory parameters were risk factors of unfavorable outcomes only in univariable analyses. However, none of them were shown to affect mortality or heart transplantation after adjusting for other predictive factors. Only the combination of the top quartiles of NT-proBNP and Cp concentrations was useful for the prediction of unfavorable outcomes.
Previously, some investigations with various study designs have demonstrated the prognostic power of natriuretic peptide concentration [28] [29] [30] . Lai et al. reported that increased plasma NT-pro BNP level (≥11755 ng/L) was an independent predictor of 1-and 3-month mortality, but not of mortality in more extended follow-up [7] . Bettencourt and colleagues showed that an NT-proBNP concentration > 6779 pg/mL at admission was a weaker predictor of readmission or death than a post-treatment NT-proBNP concentration of 4137 pg/mL, with an 8% increase in the probability of death or readmission over 6 months per 1000 pg/mL of NT-proBNP [31] . Finally, the current ACC/AHA/HFSA Guideline for the Management of Heart Failure recommends the assessment of natriuretic peptide biomarkers on admission in acutely decompensated HF patients and before discharge, to establish a prognosis [32] .
We evaluated NT-proBNP concentrations in stable, nonhospitalized patients and found that an NT-proBNP concentration > 3155pg/mL (upper quartile) did not have significant predictive value in a multivariate analysis in a 1-year follow-up. A comparison of our results with other studies is difficult because of different follow-up periods, endpoint definitions, and types of cohorts. Bayes-Genis et al. performed a serial assessment of NT-proBNP concentration in an outpatient group (patient decompensated, but not requiring emergency hospital admission) with reduced LVEF (27 +/− 9%). The percentage reduction in NT-proBNP concentration in the first four weeks (not baseline concentration) was a predictor of death and hospitalization during three months of follow-up [33] .
Multiple biomarker strategies, involving a combination of NPs with other biomarkers, have been proposed to create more accurate predictive scores in HF [34] . Multimarker approaches combining NT-pro-BNP and Cp have been used to assess the risk of HF incidence and mortality in patients in the Atherosclerosis Risk in Communities (ARIC) study. In this population, the strongest associations of Cp were observed with HF and all-cause mortality. These associations persisted after adjusting for biomarkers known to have a role in HF prediction, such as NT-proBNP, troponin, and CRP [35] . Engstrom et al. also reported Cp as a risk factor for HF incidence in Caucasian men with a high risk of cardiovascular disease [36] . Elevated Cp levels have been shown in many cardiovascular disorders, including coronary heart disease, myocardial infarction, and arteriosclerosis. The oxidative effects of Cp on serum lipids, in combination with decreased antioxidant protection, can predominate in CAD patients. Ceruloplasmin has diverse functions. It is involved in iron homeostasis and angiogenesis. It is the major source of serum ferroxidase activity and can act as a pro-or antioxidant molecule [37] [38] [39] . Many previous studies have reported an elevated Cp concentration during HF [40, 41] . Some study demonstrated that the Cp can be a significant marker of heart failure in patients with ST segment elevated myocardial infarction [42] . A possible association between ceruloplasmin and progression of HF was study by Cabassi et al. [43] .
To the best of our knowledge, only one previous study has evaluated the prognostic value of the simultaneous assessment of Cp and BNP in stable HF patients undergoing elective cardiac evaluation, including coronary angiography. In that study, Hammadah et al. reported that elevated Cp levels increase the risk of 5-year all-cause mortality. Even after adjusting for a large panel of other risk factors and medications, Cp concentration in the third or fourth quartile (> 25.6 mg/dL) remained a significant predictor of increased 5-year mortality. Further analysis, with additional adjustment for heart rate, QRS duration and ICD placement, revealed that a Cp concentration in the upper quartile (> 30.2 mg/dL) remained predictive. Additionally, within each group of defined BNP concentration range, higher Cp levels were associated with poorer outcomes. Similar to our study, the authors shown that the combined use of biomarkers can help identify patients with the highest probability of death [44] .
The reasons for the increased Cp concentration in HF are not well understood, but it is possible that the measurement of Cp (in combination with NT-proBNP) can help identify patients with the highest long-term mortality risk.
Conclusions
The determination of Cp concentration is cost-effective and relatively easy. Data from the present study confirmed the association between Cp concentration and the severity of HF. The combined measurement of Cp and NT-proBNP concentrations has an advantage over measuring NT-proBNP concentration alone in selecting a group of high-risk HF patients in a 1-year follow-up.
Study Limitations
Our study has several limitations. Firstly, these results may not be applicable to the general population, since the age range of patients in this study was 48-59 years. Secondly, it was a single-center study of stable outpatients considered as potential recipients of the heart. Thirdly, ARNI and SGLT2 were not used, since patient enrollment occurred before 2010. Fourthly, low percentage of patients with implanted ICD.
